The search for tests that offer fast and reliable information on the physiological potential of seeds is of fundamental importance for quality control programs. The aim of this study was to evaluate the efficiency of the potassium leaching test in identification of different vigor levels of popcorn seed lots. Five seed lots of the hybrids AP8203 and AP4512 were tested for moisture content, and physiological quality was evaluated by tests of germination, first count of germination, and seedling emergence in the field. These results were compared to variations in the potassium leaching test (temperatures of 25 °C and 30 °C, volumes of 50 mL and 75 mL of water, fifty and one hundred seeds, and periods of 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h and 5 h). Results showed that the potassium leaching test is efficient in separating the popcorn seed lots regarding physiological potential, and the most adequate conditions for this test are the use of fifty seeds with 50 mL of water for two hours at 30 ºC.
Introduction
The offer of Brazilian hybrids of popcorn (Zea mays L. everta) with high yield and adaptation to edaphic and climatic conditions is small, which leads to importation of a large number of popcorn seeds (Catão and Caixeta, 2017) . However, popcorn production is growing and is an advantageous source of income due to added value of the product (Rocha et al., 2018; Kavan et al., 2019) . This growth is due, in part, to the selection, development, and adaptation of imported cultivars for the climate conditions of Brazil (Catão and Caixeta, 2017) .
The use of seeds with high physiological potential is a preponderant factor for establishment of a successful crop (Catão et al., 2013) . Thus, seed technology has sought to refine the tests used to evaluate physiological potential, aiming for the results to express the performance potential of the lot to minimize the risk of using low quality seeds (Bittencourt et al., 2012) .
The characteristics of a seed lot can be evaluated by diverse tests that follow strict standards. Seed quality is routinely evaluated by the standard germination test, conducted under optimal environment conditions (Brasil, 2009 ). However, the result of that test overestimates the true values of plant emergence in the field, and results obtained from vigor tests are also necessary (Bertolin et al., 2011) . The ideal procedure is for vigor tests to be used together with the germination test to assist in decision making and increase the speed and efficiency of quality control (Bittencourt et al., 2012) .
Studies in seed technology have reported that rapid vigor test that produce consistent information are those related to physiological deterioration processes, such as those related to enzymatic and respiratory activities and cell membrane integrity. The electrical conductivity and potassium leaching tests fit in this category (Steiner et al., 2011; Souza et al., 2014) .
The potassium leaching test is based on the same principle as the electrical conductivity test, through evaluation of cell membrane integrity, only the parameter analyzed is changed. In this test, only the potassium ion (K + ) is quantified in the soaking solution. Lower vigor seeds have lower speed of structuring of membranes when soaked in water, and a consequence is greater release of exudates from the cell and, consequently, greater release of potassium (Marcos-Filho, 2015) .
The potassium leaching test requires from one to two hours to obtain results, thus allowing seed vigor to be evaluated in a fast and efficient manner (Marcos-Filho, 2015) . This is fundamental for speeding decision making, especially in relation to the operations of harvest, processing, and sale (Marcos-Filho, 2015) .
Thus, the potassium leaching test has become prominent for evaluation of seed physiological potential, resulting in satisfactory data for various species, as for example triticale (Steiner et al., 2011 ), rice (Barbieri et al., 2011 , and wheat (Douradinho et al., 2015) . However, data regarding use of the potassium leaching test in evaluation of popcorn seed vigor are only in the initial stage. Given this lack of information, the aim of this study was to determine the potential of the potassium leaching test in evaluation of the physiological quality of popcorn seeds.
Material and Methods
The study was conducted in the Seed Laboratory of the Plant Science Department of the Fundação Gammon de Ensino in Paraguaçu Paulista, São Paulo, using five seed lots from two popcorn cultivars (AP8203 and AP4512). Moisture content was determined and physiological quality was evaluated for samples from each lot and cultivar using the germination, first count of germination, and seedling emergence tests and specific procedures for carrying out the potassium leaching test.
Moisture content was determined by the oven method at 105 ± 3 ºC for 24 hours using two subsamples of approximately 10 g for each lot (Brasil, 2009) .
In the germination test, four replications of fifty seeds were used for each lot. The seeds were uniformly distributed on two sheets of germitest paper, moistened with distilled water in the amount of 2.5 times the weight of the dry paper, and placed in a Mangelsdorf germinator at 25 ºC with a 12-h photoperiod. The germination counts were made at four and seven days after sowing for determination of the percentage of normal seedlings (Brasil, 2009 ). The results were expressed in percentage of germination in the first count and in the final count.
For the emergence test, four subsamples of fifty seeds from each lot were sown in the field, distributed at a depth of 3.0 cm and a spacing of 0.5 cm in furrows of 1.0 m length. The soil was moistened to approximately 60% of water retention capacity. On the tenth day after stabilization of stand, the number of emerged seedlings was counted and the results were expressed in percentage.
The effects of the soaking period (0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h and 5 h), of the volume of deionized water (50 and 75 mL), of the number of seeds (50 and 100), and of the soaking temperature (25 ºC and 30 ºC) were studied in the potassium leaching test. The test was conducted using four subsamples of 50 or 100 seeds that were first weighed (precision of 0.0001 g), placed in plastic cups containing deionized water, and kept in a germinator for each period and at the temperatures predetermined for soaking. Readings were made directly through atomic absorption using a flame spectrophotometer. For calculation of potassium leaching, the reading obtained in the flame spectrophotometer, the volume of deionized water used (mL), and the weight of the samples (g) were considered. The result was expressed in μg of K/g of seed, i.e., ppm of potassium.
Analyses of variance were performed separately for each cultivar and test conducted using a completely randomized design with four replications. In the event of significant effects, the mean values were compared by the Tukey test at 5% probability, using the Sisvar 5.0 software (Ferreira, 2011) . Pearson linear correlation analysis was also performed among the results of the tests of evaluation of seed physiological quality and the emergence test.
Results and Discussion
The initial evaluation of physiological quality and moisture content of the popcorn seed lots are shown in Table 1 . The data referring to moisture content were similar among the popcorn seed lots studied. This is important for carrying out the tests because uniformity of the initial seed moisture content contributes to obtaining consistent results (Marcos-Filho, 2015) . Furthermore, Guedes et al. (2011) emphasized that differences from 1-2% in moisture content among samples do not compromise results and tests can be performed.
The germination test showed that lot 4 of the hybrid AP8203 has lower physiological quality, with a statistical difference from the others, i.e., lots 1, 2, 3 and 5 were clustered at the same vigor level and did not differ from each other. The tests of first count of germination and seedling emergence in the field also confirmed that lot 4 was of inferior quality and highlighted lots 1, 3 and 5 as having higher vigor, without a statistical difference from each other. Lot 2 proved to be intermediate.
The results of seed lots of AP4512 hybrid popcorn did not differ from each other in the germination test. However, high and similar results in the germination test do not necessarily mean that all the lots have high vigor, since the germination test is conducted under favorable environmental conditions, allowing the seed lot to express maximum potential for production of normal seedlings (Marcos-Filho, 2015) .
For Araujo et al. (2011) , seed lots with similar germination are fundamental for studies that aim to determine the method for evaluation of seed vigor because the aim is to discriminate seed lots with similar levels of germination. If the germination potentials of the seeds show accentuated differences, the germination test itself is able to detect differences in seed physiological potential (Marcos-Filho and Novembre, 2009) .
In this respect, the tests of first count of germination and seedling emergence in the field exhibited greater sensitivity, indicating lower physiological quality of the seeds of lots 8 and 9 of the hybrid AP4512. According to Nakagawa (1999) , the first count of the germination test is considered an indication of vigor and it is an important evaluation in identifying seed lots with capacity for faster establishment, and it is conducted at the same time as the germination test.
The emergence test, for its part, is considered the best indicator for making inferences on seed vigor because it should simulate conditions that seeds will be subjected to at the time of sowing in the field (Guedes et al., 2011) . Thus, the purpose of the vigor tests is to rank the seed lots, and the lots should be associated with performance of seedlings in the field, so as to monitor the efficiency of the procedures adopted in the laboratory (Marcos-Filho, 2015) . These procedures were verified in the studies of Douradinho et al. (2015) with wheat seeds, and of Catão and Caixeta (2019) with soybean seeds.
The data obtained for the potassium leaching test of the different popcorn seed lots involving the combinations of number of seeds / water volume / temperature are shown in Tables 2 to 5. At 25 ºC, regardless of using 50 or 100 seeds and varying the water volume (50 or 75 mL), it was not possible to separate the lots into intermediate levels of vigor (Tables 2 and 3) . This behavior was also found at 30 ºC using 100 seeds (Table 5) . Under these conditions, recommending the potassium leaching test for popcorn seeds would not be Table 3 . Mean data obtained for potassium leaching (μg K/g) using the combinations of 100 seeds/50 mL of water and 100 seeds/75 mL of water at 25 ºC of five lots of hybrid popcorn seeds, AP8203 and AP4512.
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Mean values followed by the same letter in the column do not statistically differ from each other by the Tukey test at 5% probability.
viable. However, the use of this test at the temperature of 25 or 30 ºC with water volume of 50 or 75 mL was effective for evaluation of physiological quality of the seed lots of Mimosa caesalpiniifolia (Avelino et al.; 2018) , Encholirium spectabile (Araújo and Silva, 2018) , wheat (Douradinho et al.; 2015) , and triticale 2011) . Nevertheless, it should be noted that use of the combination of fifty seeds with 50 mL of water at 30 ºC ( Table 4 ) allowed stratification of the popcorn seed lots for both hybrids beginning at 2 hours of soaking. Lot 4 of the AP8203 hybrid was indicated by the potassium leaching test as having the lowest physiological potential. Lots 1, 3 and 5 had the best physiological quality, and lot 2 was classified as intermediate. For the AP4512 hybrid, lots 6 and 10 were classified as having the best physiological potential; lot 7 is intermediate; and lots 8 and 9 have lower performance. These results corroborate the data of the first count of germination test and field emergence test (Table 1) .
The potassium leaching test also proved to be effective in discriminating the seed lots of sweet corn (Zea mays L.) regarding physiological potential (Zucareli et al., 2013) . Souza et al. (2014) also found that seed lots of cotton (Gossypium hirsutum) were stratified in two vigor classes (high and low).
Thus, determination of this ion by the potassium leaching test has proven to be suitable for evaluation of seed physiological quality (Barbieri et al., 2011) .
A big advantage of using the potassium leaching test in evaluation of popcorn seed vigor was its ability to provide fast results. As of two hours, it was already possible to separate the lots into different vigor classes (Table 4 ). For Marcos-Filho (2015) , determination of differences among seed lots after thirty minutes of soaking is a factor to take into consideration, because this is a big advantage of the potassium leaching test over electrical conductivity, which requires at least 24 hours to make readings. It is also noteworthy that the temperature of 30 °C accelerated leaching of exudates, because, in addition to the temperature, this leaching may be affected by the degree of deterioration, damage to the seed coat, stage of development at the time of harvest, and damage caused by the speed and time of soaking (Gonzáles et al., 2011) .
Analysis of the correlation between the data on evaluation of popcorn seed physiological quality and on seedling emergence in the field ( Araújo and Silva (2018) and Steiner et al. (2011) in evaluation of seed lots of Encholirium spectabile and triticale, respectively. The results of significant (p < 0.05) and negative correlation between the potassium leaching test and emergence of seedlings in a greenhouse are similar to those found by Douradinho et al. (2015) and Barbieri et al. (2011) in wheat and rice seeds, respectively. Thus, as the exudates from potassium leaching increase, the emergence of popcorn seedlings in the field declines. In general, for both hybrids, there was significant potassium leaching in the first thirty minutes of soaking of popcorn seeds. However, leaching occurred at lower intensity up to five hours of soaking. This was also confirmed by Zucareli et al. (2013) in sweet corn seeds. Barbieri et al. (2011) also found higher potassium leaching readings at 120 minutes of soaking of rice seeds. In short, when seed membranes are directly soaked, they pass from the gel state to the liquid crystalline state (Castro et al., 2004) . However, when this transition occurs rapidly, there is not enough time for the membranes to change their structural conformation, and this situation brings about cell damage and electrolyte leaching (Silva and Villela, 2011) .
Conclusions
The potassium leaching test is efficient in discriminating popcorn seed lots in relation to physiological potential. The most suitable conditions for carrying out this test are use of 50 seeds with 50 mL of water for 2 hours at 30 ºC.
